Herein, we provide an overview of a research network that is aimed at fostering interdisciplinary collaboration between chemists and toxicologists with the goal of rationally designing safer commercial chemicals. The collaborative is the Molecular Design Research Network (MoDRN) that was created in 2013 with funding from the EPA-National Science Foundation Networks for Sustainable Molecular Design and Synthesis (NSMDS) program. MoDRN is led by 4 universities, Baylor University, University of Washington, The George Washington University, and Yale University. The overarching goal of the network is to enable and empower the design of safer chemicals based on the fourth Principle of Green Chemistry that states, "chemical products should be designed to preserve efficacy of function while minimizing toxicity."
The fourth Principle of Green Chemistry states, "chemical products should be designed to preserve efficacy of function while minimizing toxicity" (Anastas and Warner, 1998) . This principle is perhaps the least developed area of Green Chemistry (Anastas et al., 1999; because adoption of safer chemical design has not been widespread throughout the chemical industry. (Coish et al., 2016) This is a growing concern given that the Toxic Substances Control Act (TSCA) inventory now contains about 85 000 chemicals and there are over 700 new chemicals introduced to the U.S. market every year (USEPA New Chemicals Program: Summary of Accomplishments, 2017). The TSCA inventory is a list from the U.S. Environmental Protection Agency (EPA) of each chemical substance that is manufactured or processed in the United States for uses under the TSCA. With so many chemicals in commercial use, our exposure to mixtures of these chemicals is continuous, particularly in urban areas. Alarmingly, many chemicals used in industrial and consumer products can be associated with human health concerns and environmental hazards (Zimmerman and Anastas, 2015) . In addition, chemicals associated with adverse effects add significant financial costs to society. A recent Lancet study reported that the exposure to endocrine-disrupting chemicals in the U.S. contributes to disease and dysfunction and costs more than 2% of the GDP annually ($340 billion) (Attina et al., 2016) .
The increasing influx of new chemicals into the marketplace has outpaced the adequate assessment of the potential hazards to public health and environment. The prohibitive economic and social costs of toxicity testing, particularly in vivo, may explain why over 85% of new chemicals are approved for manufacturing despite the lack of experimental health and safety data (USEPA New Chemicals Program: Summary of Accomplishments, 2017). The development of in silico methods is considered the next frontier in hazard assessment and molecular design for reduced hazard; however, such strategies are not sufficiently developed to meet existing needs and vary widely in prediction accuracy for various endpoints. This is partly due to the inherent complexity of toxicity pathways and limited availability of quality data sets. Fortunately, the field of toxicology is no longer a descriptive science based on observations at the whole animal level and is evolving to a mechanistic understanding of molecular initiating events and associated adverse outcomes at the level of the cell and organelle. Computational chemistry has also evolved to the point of solving or exploring increasingly complex problems related to chemical-biological interactions at the level of genes, receptors, and enzymes. It is at the nexus of toxicology and computational chemistry that advances in hazard assessment and prediction will continue to emerge.
At present, the methods for estimating toxicity are mostly statistics-based and can be classified as Quantitative StructureActivity Relationship (QSAR)-related or so-called "expert systems" (Voutchkova et al., 2010) . QSARs relate a series of chemical properties to a biological outcome via a statistical algorithm while expert systems usually rely on a series of stateof-knowledge decision trees to identify chemical effects. These methods have not exceeded accuracy levels of 65%-80% for non-carcinogenic chemicals, (Enslein, 1984; Golbamaki et al., 2014; Melnikov et al., 2016; Patlewicz et al., 2008) which although encouraging, are not sufficiently established to replace conventional in vivo toxicity assessment. (Voutchkova et al., 2010) Other major limitations of current methods include (1) a lack of validation with up-to-date data, (2) difficulty of introducing systematic or iterative improvements, (3) proprietary approaches preventing the scientific community from thoroughly testing and validating predictive capabilities, and (4) underlying expert rules, and qualitative outputs. High-throughput and highcontent screening methods (HTS/HCS) are emerging as means of improving the fundamental knowledge base needed for more realistic computational models (Voutchkova et al., 2010) . In the last decade, the National Institute of Environmental Health Sciences/National Toxicology Program, the U.S. EPA National Center for Computational Toxicology, and the National Human Genome Research Institute/National Institutes of Health Chemical Genomics Center (now located within the National Center for Advancing Translational Sciences) collaborated to launch several high-throughput toxicological screening initiatives, including the Toxicity Forecaster (ToxCast) which is a part of the multiagency toxicity testing program called Toxicity Testing in the 21st Century (Tox21) . These in vitro screening programs provide quantitative high-throughput data that enables researches to derive concentration-response relationships as chemicals are screened across a range of concentrations. The approach gives researchers higher confidence in screening results and is intended to quickly and efficiently generate large amounts of reliable data that can be used to investigate chemical hazard.
In 2013, the U.S. EPA and the National Science Foundation Divisions of Chemistry and Chemical, Bioengineering, Environmental, and Transport Systems created a funding program entitled "Networks for Sustainable Molecular Design and Synthesis" (NSMDS) with a funding budget of $18.9 mil. (NSMDS, 2017) The funding program was created to encourage synergistic research activities and cooperation among multi-disciplines in the area of safer chemical design. (NSMDS, 2017 ) By definition, these networks are groups of 2 or more researchers working in transdisciplinary fields to promote the development of safe and sustainable chemicals and synthetic procedures. The research findings of the networks are expected to result in chemicals that are safer throughout their life cycle. In addition, the networks are expected to disseminate their findings through education and outreach, and it is expected that the research findings will ultimately be translated into social and economic benefit.
MoDRN-AN OVERVIEW
The NSMDS program awarded a grant that made possible the creation of the Molecular Design Research Network (MoDRN) (Grant ID Number 1339637) MoDRN is a research initiative from the Center for Green Chemistry and Green Engineering at Yale University and is a collaboration led by 4 universities, namely, Baylor University, University of Washington, The George Washington University, and Yale University. The network brings together a diverse group of researchers including computational chemists, toxicologists, environmental scientists, biologists, and synthetic organic chemists. The overarching goal of MoDRN is to enable and empower the design of safer chemicals based on the fourth Principle of Green Chemistry (Coish et al., 2016; Anastas and Warner, 1998) . The research team is seeking to develop design guidelines for the next generation of chemicals that preserve function while minimizing toxicity. To achieve its goals, the network is taking a novel approach to compound design. It is investigating property-based approaches to design rules by studying the physical, chemical and electronic properties of xenobiotics, in contrast to traditional approaches based on structure, and in particular, structural alerts. Compound properties are being considered in the context of chemical reactivity. Molecular initiating events involving xenobiotics and cell machinery such as covalent bond formation between electrophiles and protein thiols are being examined. The guidelines will inform the a priori design of safer, next-generation molecules. In addition, the research objectives include the creation and development of in silico models as design tools for chemists and for the rapid assessment of the potential hazards of new and existing chemicals. An example of this effort is by Shen and colleagues who recently published a probabilistic diagram for designing chemicals with reduced potency to incur cytotoxicity (Shen et al., 2016a,b) .
The efforts of MoDRN are divided into 3 major initiatives that are interdependent and related: Research, Education and Outreach. The Research effort follows a computationalexperimental approach that will allow for the creation of in silico models and propagation of practical and teachable design guidelines. The approach has aspects of a pharma screening cascade (Hughes et al., 2011) in that compounds are profiled across multiple assays of varying formats within a cascade ( Figure 1 ). The computational arm of the cascade is focused on the energetics of chemical transformations involved in pathways of human toxicity, specifically, on electron transfers implicated in oxidative stress pathways. Adverse oxidative stress pathways are implicated in human and ecological toxicity endpoints; for example, there are many human diseases associated with free radical damage such as heart disease, diabetes and Parkinson disease (Kelly et al., 1998) . The development of molecular design guidelines will be derived from correlation studies that examine the associations of physicochemical properties with biological data such as in vitro biomarker data, in vivo zebrafish toxicity data, and available human toxicity data. The starting point for the computational studies was data generated by the ToxCast and Tox21 programs, and has been extended to data derived from the experimental arm of the profiling cascade that is being conducted within the laboratories of the Network (Figure 1 ). The experimental arm of the cascade is focused on biological studies that are supporting in silico model validation, initiating novel comparative in vitro and in vivo toxicology studies, examining traditional and emerging endpoints for oxidative stress, and pursuing gene knockout studies. The compounds studied within the arm were selected, in part, from Tox21 program compounds ( Figure 1 ). Collectively, it is expected that the computational-experimental approach will lead to novel in silico models and the development of design guidelines and tools that can be used by the practitioners in the field. The output of the MoDRN research effort is also informing and enabling its education and outreach initiatives. MoDRN has a multipronged plan for the dissemination of scientific principles related to the rational design of safer chemicals to students, teachers and faculty, and practitioners. In this article, we will highlight the Research, Education and Outreach Initiatives of the MoDRN (www.modrn.yale.edu; last accessed August 2017).
Biological and Toxicologial Research
The approach of MoDRN to the toxicological studies within the profiling cascade utilizes human and mouse cells in conjunction with zebrafish and fathead minnow models in an effort to understand and predict the hazard potential of the chemicals selected for testing. Zebrafish studies were performed in parallel at University of Washington and Baylor University with chemicals from the same lot and vendor to maximize comparability of results among laboratories. The approach employs comparative in vitro and in vivo studies to bridge the divide across species and to identify how chemicals that produce reactive oxygen species (ROS) induce oxidative damage to biomolecules including lipids, proteins and DNA, and alter cellular antioxidants. The approach is also identifying structural attributes of molecules affecting photomotor behavioral patterns in these 2 most common fish models . These endpoints are available for modeling and to compare mechanisms of ROS production and oxidative damage.
Mammalian cell-based assays of toxicity have been the work-horse of in vitro screening for chemical toxicity. These assays usually evaluate cell survival and or proliferation and are becoming increasingly sophisticated to include many different adverse outcomes (stress response gene induction; genotoxicity assays; sub cell lines and primary cell types [hepatocytes, neurons, kidney proximal tubular epithelial cells, airway epithelial cells, macrophages, lymphocytes, etc.]) obtained from multiple mammalian species (e.g., mice, rats, dogs, monkeys, humans). The MoDRN team has placed emphasis on using hepatocytes genetically modified to produce differing levels of the endogenous cellular antioxidant and nucleophile glutathione. In this way, in silico predictions of electrophilic character or oxidative stress-inducing potential can be tested in a living system which complements and extends the direct chemical reactivity testing described earlier.
Over a decade of research has provided a basis for using zebrafish as a high-throughput in vivo model and consequently there is an array of cellular and molecular tools that can facilitate the understanding of the health risks of test chemicals (Truong et al., 2013) . The similarities in zebrafish morphology and neuroanatomy to other fish, as well as conservation of functional cellular pathways with mammals, including humans, make the zebrafish model particularly attractive for bridging risk assessment data gaps across species. These characteristics, along with the ability to generate mutant and transgenic animals using genome editing, and the ability to use live imaging capabilities (Shah et al., 2005) render zebrafish an excellent model for exploring molecular design for reduced hazard and for bridging the gap between computational chemistry and toxicology. Furthermore, relative to mammalian models, zebrafish are extremely cost-effective for investigating mechanisms of chemical toxicity and are amenable to high-throughput studies that can provide a wealth of information for computational and toxicological studies. Truong and colleagues have described protocols for high-throughput zebrafish embryo screening and optimization of strategies related to chemical exposure paradigms with considerations to chemical solubility, experimental duration and biological and statistical analyses (Truong et al., 2016) . Zebrafish embryos are particularly adaptable for highthroughput in vivo toxicity assays to identify hazard assessment of chemicals and develop predictive models of toxicity, especially when the data are interpreted with those from human derived cell lines.
In contrast, extrapolations from zebrafish results to human implications are complicated by duplicate zebrafish copies of many human genes, a result of a genome duplication event in the ancestor of teleost fishes. These gene pairs have evolved in many different ways since duplication, including subfunctionalization (where the role played by the human gene has been split between the 2 fish genes) and neofunctionalization (where one or both zebrafish paralogs has evolved novel roles not found in the human gene). These zebrafish paralogs can confound structure-function extrapolations and can add complexity to gene expression analysis (Howe et al., 2013; Postlethwait et al., 2000; Prince and Pickett, 2002) Similarly, the MoDRN team is employing the fathead minnow model because it: (1) is an ecologically important consumer fish in freshwater systems; (2) has received more extensive aquatic toxicology study than other fish models; (3) is routinely employed for prospective evaluations of new chemicals including QSAR modeling and water quality criteria derivation, and retrospective regulatory permit compliance and determinations of environmental hazards and risks; and (4) is a common fish model used during development of mechanistic adverse outcome pathways Villeneuve, 2006, Ankley et al., 2010) . MoDRN experiments with the zebrafish are being performed in parallel with fathead minnow to understand oxidative stress responses between species commonly used for biomedical and environmental studies. It is important to note that our studies with zebrafish and fathead minnow models follow standardized experimental designs, which is intended to maximize comparability of our findings to other laboratories. Such efforts aim to support development of sustainable molecular design guidelines to reduce oxidative stress and thus support protection of human health and environmental quality.
MoDRN has approached the nexus for safer chemical design, in part, through a focus on structure-activity relationships and density functional theory on the potential to elicit oxidative stress, a common mode of toxicity for a variety of drugs and industrial chemicals. A key commonality among mammalian cell, fathead minnow, and zebrafish studies is the incorporation of oxidative stress responses through the activation of nuclear factor, erythroid 2-like 2 (more commonly known as Nrf2), an important transcription factor that serves to protect against chemicals that may cause oxidative stress by inducing phase II xenobiotic conjugation and antioxidant enzymes. As with the mammalian cells being used, zebrafish (Hahn et al., 2015) and fathead minnows (Corrales et al., 2016) have an intact Nrf2 pathway and a conserved set of genes that respond to oxidative stress (Corrales et al., 2016) . The MoDRN team is examining traditional biochemical biomarkers (eg, lipid peroxidation, glutathione, oxidative DNA damage) and gene expression responses for oxidative stress in the zebrafish and fathead minnow models in order to translate research findings to previous and ongoing efforts of other laboratories (Corrales et al., 2016) . To avoid time-and cost-ineffective gene expression analyses associated with toxicogenomics and RNA-sequencing methodologies, multiplexed branched semihigh-throughput gene expression analysis (QuantiGene Plex platform, Affymetrix Incorporated) which eliminates the need for RNA isolation and reverse transcription and allows rapid quantification of many mRNAs from the same sample is being utilized within a network laboratory. A panel of zebrafish genes to assess the oxidative stress-related effects of toxicant exposures, including putative Nrf2-responsive genes (hmox1a, gclc, gstp1a, nqo1, prdx1, sod1, sod2, gpx1a) and general stress (hsp70) and DNA damage-inducible (gadd45bb) genes has been optimized. Several reference genes (actb1, gapdh, hprt1) were added to the array to enable accurate standardization of expression of the target genes on the array. Using this higherthroughput method, the team is analyzing the involvement of the Nrf2 pathway in response to oxidative stress generated by exposure to a host of industrial chemicals identified to affect Nrf2 in vitro during ToxCast HTS efforts, and then more specifically industrial chemicals with electrophilic reactivity (eg, S N 2 nucleophilic substitution) of importance to oxidative stress.
Developing New Computational Methods for Safer Chemical Design
In an effort to develop a computational model to identify chemicals that cause oxidative stress, the computational team is taking a 4-step approach: (1) curation and analysis of EPA ToxCast and Tox21 data, (2) development of computational approaches to describe the key biochemical transformations involved in oxidative stress, (3) benchmarking against in chimico assays, and (4) development of a predictive model. In step 1, the curation of high-throughput in vitro data collected under the ToxCast and Tox21 initiatives provide high quality data sets that are developed specifically for structure-activity modeling. The results of quantitative high-throughput screening (qHTS) can be difficult to interpret due to technological artifacts and complex concentration-response curves (CRCs). It is well known that point estimates, such as AC 50 and E max, from dissimilar CRCs cannot be compared directly. These estimates alone have limited utility in chemical assessment or modeling. To increase the utility of qHTS data and better characterize the signals observed in the Tox21 library, a robust CRC fitting algorithm is being developed. Together, the quantitative CRC parameters with heuristic shape inference will be used to further assess and model chemical activity.
Step 2 involves the development of computational approaches that capture the biochemical pathways that trigger oxidative stress. Given the complexity of the biochemical pathways involved in oxidative stress, the first step was to capture the currently accepted mechanisms from the literature, with the understanding that the ability to computationally model the system will be limited by the level of mechanistic understanding. It was observed that biological mechanisms often do not translate biochemical events to discrete molecular interactions, which results in communication challenges among toxicologists and chemists. Despite this concern, the computational team is developing new computational descriptors using the most detailed biochemical pathways that are available.
The descriptors that can be obtained from modern computational models are of 2 types: (1) molecular properties, such as partition coefficients, frontier orbital energies, etc. and (2) the electronic or energetic changes that result in the course of a biochemical event, such as the free energy of reaction between a reactive xenobiotic and a biological nucleophile. Both types of parameters are influenced by model size (ie, the extent of system representation), level of theory used in the calculation (ie, the rigor of the computational method), and by system dynamics (eg, whether the system is represented in vacuum or under more realistic conditions that include explicit solvent molecules). The level of sophistication by which the system can be described computationally is limited by model size: as size grows, the computational approach must become more simplistic to allow for completing calculations within reasonable timeframes. The growth of computing resources, their decreasing costs and parallelization of computing algorithms have allowed for the application of more rigorous quantum dynamics approaches to biochemical systems, but in principle, the need for compromise remains.
For the purposes of modeling events that trigger oxidative stress, the team is seeking descriptors for the energetics of chemical transformations involved in biochemical pathways. Specifically, this includes the energetics of covalent interaction with residues on target proteins and electron transfers implicated in oxidative stress pathways. For example, consider the chemicals that are potent electrophiles and trigger oxidative stress by covalent modification of Keap1 (Kelch-like ECHassociated protein 1) which interacts with Nrf2. Although a benchmark model should consider full protein dynamics in solution, such calculations may be too expensive for screening large datasets of compounds in hazard assessments. Thus, the final tool needs to be optimized so as to be as simplistic as possible, while preserving an acceptable level of accuracy. Simplifications considered include modeling the covalent modifications of 1 or more amino acids, rather than the entire protein. Given that in some cases it may not be known which residues are haptenated, the computational experiments are designed so that they might be able to suggest or support mechanistic hypotheses.
Because many chemicals that cause oxidative stress are redox-active, a second class of descriptors that have been explored considers the energetics involved in electron transfer. Chemicals known to trigger oxidative stress through 1-electron oxidations form radicals, which are oxidized by molecular oxygen, generating superoxide anion radical that triggers oxidative stress and ultimately depletes the cell's supply of antioxidants. A classic example of xenobiotic-induced oxidative stress by this mechanism is the herbicide paraquat, which is associated with Parkinson's disease-like neurodegeneration in mice (Di Monte, 2003) . We propose that the parameter directly related to the thermodynamic driving force of radical formation is the stability of the C-H bonds, which can be captured by computing bond dissociation energies and/or by evaluating Fukui functions. The latter is a more economical approach that measure the propensity of the xenobiotic to accept/donate electron density from/to other specie(s), and can be readily derived from a population analysis or by computing the frontier molecular orbitals (FMOs).
Even if the computational descriptors correctly capture the energetics of the process being modeled, the descriptors may still not correlate directly to the in vitro or in vivo potency of the toxicant chemical. That may be due to the uncertainty of whether or not the true rate-determining step of the reaction is being modelled, or whether or not metabolic transformations have changed the nature of the reactive specie. Given that such imperfect mechanistic knowledge is most often a reality, it is necessary to benchmark the computational approach by in chimico experiments that quantitate the reactivity of the chemical in question with a model biological nucleophile, such as glutathione, in the absence of any metabolic enzymes and additional reactive species (step 3). Experimentally this involves not just spectroscopic assays that determine the quantity of glutathione reacted, but also NMR and LC-MS experiments to determine the site of reactivity and the number of adducts formed. For example, hydroperoxide and t-butyl hydroperoxide can both react with biological nucleophiles as potent Michael acceptors, but computational data suggests a significant difference in reactivity of the t-butyl analog. In chimico data were compared to the computational predictions of reactivity and were found to be consistent with observed trends. Having confidence in the computational approach to model the discrete interaction in aqueous solution allows the computational team to make mechanistic hypotheses about metabolism or involvement of a chemical in other pathways that trigger oxidative stress.
Given that the molecular interactions typically do not reflect absorption, metabolism, distribution and excretion, additional descriptors reflective of these processes are needed to develop predictive models that fully capture the biological activity of a chemical in silico. Such descriptors are based on molecular properties, such as partition coefficients, volume, polarizability, globularity, polar surface area, and others. They are calculated based on the lowest energy conformer of the respective xenobiotic. After inclusion of these descriptors, predictive models are constructed in step 4 by first classifying the chemicals into the most likely mechanistic domain through which they exert oxidative stress (eg, redox cycling, Michael acceptor, nucleophilic substitution, etc.). The model construction is carried out with adherence to the current best practices in QSAR development and validation (Chirico and Gramatica, 2011; Tropsha, 2010) .
Most importantly, the final models must be mechanistically rationalized such that any prediction obtained can be traced back to properties associated with either absorption, distribution, metabolism, and excretion or direct reactivity. This allows the model to not only quantify the likelihood that a chemical will produce ROS, but also serve as a qualitative SAR or guideline for chemists designing new molecules or redesigning existing chemicals that are of concern because they cause oxidative stress.
Throughout our approach, rigor is being assessed via (1) benchmarking and (2) systematic comparison of different models. Benchmarking is being carried out for each type of model in order to set true positive and true negative scenarios. For example, compounds known to exert oxidative stress, such as hydroquinone, serve as positive controls in all assays. Benchmarking is also carried out by reproducing data, where possible, by different laboratories. However, since the studies described are intended to probe the adverse outcome pathways of compounds whose biological reactivity is poorly understood, it is not always possible to apply benchmarking systematically. For that reason, it is necessary to systematically compare the data trends, and develop mechanistic hypotheses that fit with all available data.
Education and Outreach
Education and outreach to students, teachers, and professionals is a critical component of the MoDRN program as it strives to promote green chemistry and the adoption of safer chemical guidelines by practitioners in the field. To ensure that safer chemical design has the highest possible social, economic and environmental impact, research findings must be shared with and understood by a broad audience. The educational materials created by MoDRN are freely available on the MoDRN website (www.modrn.yale.edu; last accessed August 2017). An overarching goal is to support the integration of toxicology and green chemistry into the educational programs of current and future practitioners of chemical design. The MoDRN team has developed a myriad of tools and strategies for students, educators, and practitioners and is contributing to the advancement of green chemistry education that has made significant strides over the past decade (Beyond Benign -Green Chemistry Education, 2017; Anastas and Beach (2009); Doxsee and Hutchinson, 2004; Haack and Hutchinson, 2016) MoDRN's approach to ensuring relevance to students involves integrating fundamentals of social and environmental justice into the curriculum as well. Using justice as a framework for education around developing safer chemicals (as a means to advocate for disparaged populations who are most vulnerable to disproportionate chemical exposures) allows students to integrate their social fabric and networks into their studies and provides additional purpose within their career goals. (Lasker et al., 2017) It strengthens their contributions to the implementation of safer chemical design by allowing them to become change agents not just as chemists but as justice advocates as well. Research also shows that interdisciplinary collaboration leads students to higher levels of critical and analytical thinking (Hooker et al., 2014; Zimmerman and Vanegas, 2007) which supports degree outcomes and industry needs.
Safer chemical design is a topic well suited to actively engage students of all ages. MoDRN has developed hands-on classroom exercises called "MoDRN Modules" that can be used by educators to introduce topics of safer chemical design through inquiry-based learning to high school students. (Silverstein et al., 2009) The underlying scientific concepts in these MoDRN Modules are relevant to STEM education and are aligned with the Next Generation Science Standards. The modules can be easily integrated into any existing science or allied health-based curriculum.
For college undergraduate classrooms, MoDRN has developed "MoDRN:U Modules" which provide faculty with resources on topics related to physiochemical properties of chemicals, toxicology, and molecular design. Each module includes learning objectives and a small assignment to assess the comprehension of the topic. MoDRN is also developing an epistemic game for chemistry majors and nonmajors. The "Safer Chemical Design Game" is focused on the topic of safer chemistry and introduces toxicology and pharmacokinetic concepts such as absorption, distribution metabolism, and excretion. Critically, the computer game simulates the realworld constraints that may affect chemical product development as the student designs a novel product. The game is expected to be available online in late 2017 or early 2018. Other teaching tools that have been developed by MoDRN include a database with science fair ideas and videos that teach the concepts of green chemistry, sustainability, and safer chemical design. It is expected that the introduction these tools into existing undergraduate lesson plans will promote the development of more integrated courses and will enable students to make more connections between the scientific topics of study and the human health and environmental concerns that they encounter in daily life.
In another initiative focused on educators, the MoDRN team offered 2-week workshops in the summers of 2015 and 2016 at Baylor University and the Region 12 Education Service Center's state of the art Lex Labs at the Baylor Research and Innovation Collaborative. The workshops provided an opportunity for environmental science, biology and chemistry high school teachers to work alongside MoDRN graduate students and postdoctoral researchers. This unique experience allowed teachers to test hypotheses and perform novel experiments related to safer chemical design, green chemistry and toxicology. Following research laboratory engagement, lesson plans formulated by participants in the workshops were then distributed to other educators via regional and national conferences, including the Biennial Conference on Chemical Education (Biennial Conference on Chemical Education (BCCE), 2016) and National Science Teachers Association (National Science Teachers Association (NSTA), 2017).
The adoption of safer chemical guidelines by practitioners in the field is an important goal of the MoDRN education and outreach initiative. In collaboration with the University of Washington Department of Environmental and Occupational Health Sciences, the MoDRN team contributed to the development of professional development short courses and an online certificate program to meet the demands of scientific professionals striving to integrate safer chemical design in next generation chemical products (Green Chemistry & Chemical Stewardship Online Certificate Program, 2017) . Since 2015, 29 practitioners graduated from the online certificate program (composed of three 10-week courses), and it will be offered again in the fall of 2017.
In summary, the MoDRN team has developed a multipronged plan for the dissemination of scientific principles related to safer chemical design to students, teachers and faculty, and practitioners. The goal of the plan is to facilitate the implementation of the principles by practitioners into the design of next generation chemicals. As mentioned earlier, the educational materials created by MoDRN are freely available on the MoDRN website (www. modrn.yale.edu; last accessed August 2017).
CONCLUSIONS
MoDRN represents a collaboration of academic groups from 4 institutions, namely, Baylor University, the University of Washington, The George Washington University, and Yale University. This network is pursuing an interdisciplinary approach based on systems thinking that incorporates synthetic chemistry, toxicology, biology, pharmacology, and ecology. The overarching goal of the MoDRN research effort is to enable and empower the design of safer chemicals based on the fourth Principle of Green Chemistry. Our research team is seeking to develop design guidelines for the next generation of chemicals that preserve function while minimizing toxicity. Chemical designers need to operate at the nexus of disciplines and collaborate with toxicologists, and other relevant experts, as they design molecules that perform intended functions while presenting limited risk for humans and the environment. The de novo design of new chemicals for reduced hazard is now possible with our increasing understanding and awareness in the fields of chemistry and toxicology. There are, however, a number of challenges facing the scientific community in achieving sustainable molecular design for reduced hazard (Coish et al., 2016) . Perhaps the greatest challenge is to encourage practitioners to adopt and implement new insights into the design of new chemicals and products. This is a major objective of the MoDRN education and outreach effort.
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